The sodium chloride cotransporter (NCC) is the principal salt absorptive pathway in the mammalian distal convoluted tubule (DCT) and is the site of action of thiazide diuretics. Utilizing a mammalian cell model system to assess NCC function we previously demonstrated that Ras Guanyl Releasing Protein 1 (RasGRP1) mediates phorbol ester induced suppression of function and surface expression of NCC in a PKC-independent and ERK1/2 dependent manner. Given that phorbol esters are functional analogues of DAG, this finding suggested a potential physiological regulation of NCC by DAG. The parathyroid hormone (PTH) receptor is a G protein-coupled receptor that is expressed in the DCT and activates PLC resulting in the generation of DAG. Here we demonstrate that PTH suppresses NCC function via a PLC/RasGRP1/ERK pathway. Functional assessment of NCC measuring thiazide-sensitive 22 Na + flux revealed that PTH suppresses NCC function. Inhibition of PLC prevented the suppression of NCC, indicating that PLC was necessary for this effect. Inhibitors of PKC and PKA had no effect on this suppression, but MAPK inhibitors completely prevented the PTH effect. RasGRP1 activates the MAPK pathway though activation of the small G protein Ras. Gene silencing of RasGRP1 prevented the PTH mediated suppression of NCC activity, the activation of the H-Ras isoform of Ras and the activation of ERK1/2 MAPK. This confirmed the critical role of RasGRP1 in mediating the PTH induced suppression of NCC activity through stimulation of the MAPK pathway.
Introduction
The thiazide-sensitive sodium-chloride cotransporter (NCC) is the salt reabsorptive pathway localized to the apical membrane of the mammalian distal convoluted tubule (DCT) that is responsible for reabsorbing 5-10% of the filtered load of sodium [1] . Pharmacological inhibition of NCC by thiazide diuretics decreases blood pressure and increases calcium reabsorption in the kidney [2] [3] [4] . NCC has also been shown to play a role in genetic disorders of calcium handling, hypotension, and hypertension [5] [6] [7] . Numerous studies have demonstrated that alterations of function of NCC result in changes in the handling of both calcium and sodium [3, 4, 7, 8] . Despite the importance of this cotransporter in human disease, the hormonal regulation of this cotransporter in the mammalian kidney has not been comprehensively studied. The relative difficulty in isolating the DCT for microperfusion studies and the lack of a mammalian DCT cell line that is amenable to physiological studies have been the primary hindrances to investigating the regulation of this cotransporter.
We recently established such a model and used it to examine the suppression of NCC function by diacylglycerol (DAG) analogues (phorbol esters) through activation of Ras Guanyl releasing protein 1 (RasGRP1) [9] . Interestingly, this effect of phorbol esters did not involve Protein Kinase C (PKC). Phorbol esters and DAG can bind and activate five different families of proteins, including the RasGRP family of proteins [10] . Phorbol esters appear to mediate the suppression of NCC through activation of RasGRP1 resulting in activation of Ras [9] . This triggers the Raf/MEK/ERK MAPK cascade of kinases ultimately resulting in decreased surface expression of NCC [9] . These studies were the first steps towards modeling the physiological regulation of NCC by DAG. However, although phorbol esters bind and activate the same five families of proteins to which DAG binds they are not metabolized like DAG, lacking appropriate negative feedback mechanisms. Additionally, they bypass the physiological pathway of an associated hormone, which would traditionally bind a G-protein coupled receptor (GPCR), activating Phospholipase C (PLC) and releasing DAG. Parathyroid Hormone (PTH) is a GPCR present in the DCT and known to stimulate the ERK 1/2 MAPK pathway [11] [12] [13] [14] [15] [16] . PTH is known to trigger a proximal tubule acute diuretic effect, and most notably, it regulates calcium reabsorption in the DCT, a known site of uncoupled calcium and sodium transport [17] [18] [19] . We theorized that this uncoupling of sodium transport from calcium reabsorption seen in the DCT could be due in part to the action of PTH on NCC. Therefore, we examined the regulation of NCC by PTH. We now present evidence that PTH suppresses NCC function and surface expression through DAG activation of RasGRP1 and the ERK1/2 MAPK pathway.
Methods and Materials

Cell culture
Mouse distal convoluted tubule cells (mDCT cells, gift of Peter Friedman) were plated on 100mm cell culture plates and grown to the desired confluence in growth medium containing 50:50 mix of DMEM/F12, 5% (vol/vol) heat inactivated FBS and 1% PSN (50 units/mL penicillin, 50 µg/mL streptomycin, 100 µg/mL neomycin), at 37°C.
Assessment of NCC Function in mDCT Cells
mDCT cells were seeded in 12 well plates and grown to approximately 90% confluence in a medium containing a 50:50 mix of DMEM/F12, 5% heat-inactivated FBS, and 1% P/S/N. The cells were then incubated in a serum-free, preuptake medium (130 mM Na Gluconate, 2 mM K Gluconate, 1.0 mM Ca Gluconate, 1mM Mg Gluconate, 5 mM HEPES /Tris pH 7.4, 1 mM amiloride, 0.1 mM bumetanide) for 30 minutes. During this time period, the cells were treated with the indicated concentration of PTH. The medium was then changed to a 22 Na + -containing medium (140 mM NaCl, 1 mM CaCl, 1 mM MgCl, 5 mM HEPES/Tris pH 7.4, 1 mM amiloride, 0.1 mM bumetanide, 0.1 mM benzamil, 1mM ouabain, and 1 microCi/ml of 22 Na + ) with or without thiazide (0.1 mM metolazone) and incubated for 20 minutes. Tracer uptake was then stopped via washes with ice-cold wash buffer. Cells were subsequently lysed with 0.1% SDS. Radioactivity was measured via liquid scintillation and protein concentrations of the lysates were determined (Bicinchoninic Acid (BCA) Protein Assay, Pierce). Uptakes were normalized to nmol/mg. Thiazide-sensitive uptake was given by the difference of the uptakes with and without thiazide.
Immunoblotting SDS PAGE, blotting, and antibody incubations Eighty µg of kidney cortex lysate or mDCT cell lysates were loaded on polyacrylamide gels for SDS PAGE. For detection of RasGRP1and NCC detection a 7.5% polyacrylamide gel was used, while a 12.5% polyacrylamide gel was used for Ras and ERK1/2 detection. Proteins were transferred electrophoretically to PVDF membranes. After blocking with 5% (wt/vol) milk in TBST, the membranes were probed with corresponding primary antibodies (anti-RasGRP1, (dilution 1:200, Santa Cruz), anti-NCC (1:50,000, a gift from Mark Knepper), Ras (1:200, Pierce), HRas (1:1000, Santa Cruz), K-Ras (1:200, Santa Cruz), or N-Ras (1:200, Santa Cruz), Phospho-ERK1/2 (1:1000, Cell Signaling) and ERK1/2 (1:200, Santa Cruz)) overnight at 4°C. The blots were washed in TBST. Signal detection for RasGRP1 and Ras was done using IRDye800 goat anti-mouse IgG antibody, IRDye800 rabbit anti-goat IgG antibody, IRDye800 goat anti-rabbit, and IRDye680 goat anti-mouse (Rockland immunochemicals, dilution 1:10,000) and subsequent scanning of the membrane by the Odyssey Infrared Imager (Li-Cor Biosciences). Intensity of the protein bands was analyzed by using Odyssey Infrared Imaging Software (Li-Cor). The secondary antibody used for NCC detection was HRP conjugated goat anti rabbit antibody (Pierce, 1:500). Immunoblots were detected using enhanced chemiluminescence (GE Healthcare Amersham ECL plus Western Blotting Detection System) before exposure to X-ray film. The films were scanned and band densities were quantified using Image J. To facilitate comparisons, the densitometry values from control groups were normalized to 100%. p<0.05 was considered statistically significant
Activated Ras Assay
mDCT cells grown to 80% confluence after transfection with siRNA were incubated for 30 minutes in Opti-MEM medium. During this time period, the cells were treated with 10 −7 M PTH for 15 minutes. Cells were subsequently lysed and affinity-purified for activated Ras using the EZ-Detect Ras Activation Kit (Pierce). Immunoblotting was then using antibodies for Ras and its major isoforms.
ERK1/2 Phosphorylation Assay
mDCT cells grown to 80% confluence after transfection with siRNA were incubated for 30 minutes in Opti-Mem medium in the presence of various inhibitors as indicated. During this time period, the cells were treated with 10 −7 M PTH for 15 minutes. Cells were subsequently lysed in 1 ml of RIPA lysis buffer. The lysates were homogenized by sonication on ice. Samples were immunoblotted for phosphorylated ERK1/2 and total ERK1/2.
Immunoprecipitation
Cells for transfection were lysed in 1 ml of lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1% Nonidet P40, 0.5% SDS, and Complete protease inhibitors (Roche)) and homogenized by sonication on ice. 4 mg of total mDCT cell lysate protein was incubated with 4µg of anti RasGRP1 antibody (Santa Cruz Biotechnology) overnight at 4°C followed by incubation with protein G agarose for 3 hrs at 4°C. The immunocomplexes were centrifuged, washed twice with lysis buffer and resuspended in 30µl of SDS PAGE buffer and boiled to elute the immunoprecipitated proteins.
Gene Silencing
mDCT cells were grown to 80% confluence. siRNA specific for RasGRP1 (Dharmacon) was transfected into these cells using GeneSilencer siRNA Transfection Reagent per protocol (Genlantis). Non-targeting siRNA differing by a single base-pair from the siRNA for RasGRP1 (Dharmacon) was used as a control.
Statistical Analysis
Statistical analysis was performed using the SigmaStat software package (Systat, San Jose, CA). Data was analyzed for statistical significance using ANOVA (Holm-Sidak). A p-value of less than 0.05 was taken as statistically significant.
Results
PTH Decreases NCC Activity
To assess the impact of PTH on NCC function and its role as a potential partner for DAG/PE mediated reductions on NCC activity, mouse DCT cells were used to assess NCC function. These cells, which display the characteristics of the second portion of the distal convoluted tubule, have been used in the past by our laboratory to assess NCC function [9] . Assessment of NCC function was performed on mDCT cells grown in a monolayer by measuring 22 Na + flux as previously described [9] . Figure 1 outlines the effect on PTH on NCC activity. As shown, treatment of mDCT cells with 10 −7 M PTH reduces NCC activity (Fig. 1a) . This effect is significant after 15 minutes (2.1±0.4 nmol/mg/min compared to control, n=6, p<0.01) and persists through 60 minutes. Based on this data, further radiotracer uptakes were conducted after 15 minutes of PTH stimulation. At this time point, PTH demonstrates a clear dose-response with a statistically significant reduction in NCC activity at 10 −8 M concentrations of PTH (Fig. 1b, n=6, p<0 .01). This data demonstrates that PTH causes a significant and sustained decrease in NCC function.
PTH Actions on NCC are Phospholipase C-Dependent
If, as theorized, PTH acts to decrease NCC activity by activating RasGRP1 and ultimately ERK1/2, then PTH would likely act via its G-protein coupled receptor, activating phospholipase C (PLC) to trigger diacylglycerol (DAG) release. DAG would then bind to RasGRP1, allowing it to initiate the cascade featuring Ras, Raf, MEK1/2, and ultimately ERK1/2 activation. Therefore, to assess the PLC-dependence of the PTH effect, we measured NCC activity in the presence of U73122, a PLC inhibitor. As shown in Figure 2 , inhibition of PLC prevented any significant reduction in NCC activity by PTH, providing evidence that PTH acts via PLC.
Activation of RasGRP1 and the ERK1/2 Pathway is Critical for PTH Effects on NCC
Having demonstrated the PLC dependence of this effect, we next assessed the role of RasGRP1 in PTH mediated decreases in NCC activity. For this, siRNA specific for RasGRP1 was used to silence RasGRP1 expression in mDCT cells. Knockdown efficiency was approximately 90% (Fig. 3a) . Radiotracer uptake studies were then performed to measure NCC activity. mDCT cells for which RasGRP1 expression was silenced were unaffected by treatment with PTH, whereas PTH caused a 30% decrease in NCC function in the control group (mDCT cells transfected with non-targeting siRNA) from 2.6±0.2 nmol/ mg/min to 1.9±0.3 nmol/mg/min (Fig. 3b, n=6, p<0.01 ).
These findings demonstrated that RasGRP1 is essential in PTH modulation of NCC activity. To verify that RasGRP1 then proceeds to initiate a cascade that activates ERK1/2, we first assessed the dependence of the PTH effect upon ERK1/2 activity by treating our cells with the MEK1/2 inhibitor U0126. Measuring 22 Na + uptake in these cells showed that inhibiting the ERK1/2 pathway prevented any reduction in NCC activity with PTH treatment (Fig. 4) . Inhibition of PKA or PKC did not change the PTH effect (Fig. 4 ).
An examination of activation of Ras by PTH reinforces these findings. Using a pulldown assay for activated Ras-GTP followed by Western blotting for Ras, we found that PTH enhances activated Ras-GTP by 32.4±4.0% compared to control (Fig. 5, n=4, p<0 .05). Consistent with our previous findings using phorbol esters, this increase was more prominent in the H-Ras isoform, with PTH enhancing H-Ras-GTP by 87.1±26% compared to control (n=4, p<0.05). Again, this effect was mediated by Ras-GRP1, as silencing RasGRP1 expression resulted in no significant effect on Ras or H-Ras activation with the addition of PTH.
RasGRP1 Predominately Contributes to PTH Activation of ERK1/2
Previous reports have implicated PKA and PKC in PTH-mediated activation of ERK1/2 [11, 13, 16] . To assess the role of these signaling cascades in our system, mDCT cells were treated for 15 minutes with inhibitors of MEK1/2, PKA, or PKC in the presence or absence of PTH. The resulting cell lysates were immunoblotted as with total ERK1/2 antibodies and with antibodies specific to the active, phosphorylated, ERK1/2 to assess for ERK1/2 activity. As shown in Figure 6 , inhibition of MEK1/2 severely decreased ERK1/2 phosphorylation, with a 91±2% reduction (n=4, p<0.05). Inhibition of PKA did not affect ERK1/2 activation by PTH. Inhibiting PKC, however, caused a 42±4% decrease in ERK1/2 phosphorylation (n=4, p<0.05). Conversely, a sharper decrease in ERK1/2 phosphorylation is seen with gene-silencing of RasGRP1, which triggers a 60±6% decrease (n=4, p<0.05). This suggests that while PKC triggers enhanced ERK1/2 activity, RasGRP1 is the predominate pathway by which ERK1/2 is activated in our system. Moreover, as seen in Figure 3 and 4, only the RasGRP1 pathway plays a significant role in PTH-mediated effects on NCC activity. Taken together, these data suggest that PTH stimulation triggers a decrease in NCC activity by activating ERK1/2 in a pathway mediated by RasGRP1.
Discussion
Our previous data suggested that the second messenger RasGRP1 was an important mediator of DAG-stimulated suppression of NCC activity and surface expression [9] . Further examination revealed that RasGRP1 activates the H-Ras isoform of Ras resulting in the initiation of the MAPK ERK1/2 cascade of kinases. Activation of the terminal kinase in this pathway, ERK1/2 required RasGRP1. Silencing of RasGRP1 expression and blockade of ERK1/2 activation prevented the functional effect of phorbol esters on NCC [9] . This PKC-independent effect of DAG analogues on NCC engendered an in depth examination of potential upstream "first messengers" or hormones that may trigger this DAG/PE effect. The PTH receptor is expressed in the DCT as well as mDCT cells and there is significant data on the cell signaling initiated by activation of this receptor in the DCT [11, 12, [14] [15] [16] . In this segment, PTH is known to not induce calcium signaling but rather acts by activating ERK1/2, making it a possible regulator of NCC function in the DCT [11] . However, effects of PTH on NCC function have not been rigorously examined. Given the uncertainty of NCC regulation by PTH and our data indicating DAG analog suppression of NCC activity we decided to examine this process.
The work described here does indeed demonstrate an effect of PTH on NCC activity in our model, with PTH triggering a 40% reduction on NCC function. This reduction is NCC activity was accompanied by an increase in Ras activitation, with the predominant increase in the isoform H-Ras, as previously seen in PE stimulation [9] . Chemical inhibition of PLC and ERK1/2 prevented PTH action and silencing of RasGRP1 expression rendered PTH ineffective and negated any observed increase in Ras or H-Ras activation. Therefore, PTH does appear to act through PLC, resulting in DAG activation of RasGRP1 and suppression of NCC function.
Prior to this there were no studies examining the effects of PTH on NCC or thiazidesensitive sodium reabsorption. A previous study in mDCT cells found no change in total sodium reabsorption with PTH treatment. However these studies were done on cells in suspension and presumably included sodium uptake from the Na+K+ATPase pump, ENaC and NCC. [20, 21] . [21] . A microperfusion study of parathyroidectomized animals examining the DCT and CNT didn't reveal an overall change in sodium reabsorption with PTH [20] . These studies were limited in their ability to evaluate NCC activity as thiazidesensitive sodium reabsorption was not examined and because of the difficulty in isolating the DCT for microperfusion, isolated DCT sodium handling was not examined. Furthermore, the relatively low PTH doses used in the study did not maximally enhance calcium reabsorption, and the authors state that they cannot rule out an effect on sodium reabsorption with higher doses of PTH [20] . As compensatory alteration of downstream segmental tubular function based on changes in upstream tubular function is a wellestablished phenomenon in kidney physiology, without isolated segmental data it is difficult to infer the impact on the individual sodium transport pathways along the distal tubule.
The NCC-specific effect of PTH on NCC that we report could have a number of physiologic roles. Overall, PTH has a number of known effects on the kidney. PTH reduces the plasma flow rate and glomerular ultrafiltration coefficient [22] . At the tubular level, PTH is known to have a diuretic effect [17] [18] [19] . Infusion of PTH into rats resulted in a decrease in proximal tubule sodium hydrogen exchanger 3 (NHE3) expression and, to a lesser degree, the sodiumpotassium-chloride exchange in the thick ascending limb of the Loop of Henle (NKCC2) [18] . Because of this, the diuretic effect has generally been attributed to the proximal tubule, but a 40% reduction in NCC activity could certainly contribute to this effect. It is likely that PTH-induced reductions in NCC activity result in the negative sodium balance (diuresis) seen with elevated levels of PTH. In addition, there is considerable evidence at the whole animal and tubular level that changes in function of NCC result in changes in calcium handling in the DCT [3, 4, 7, 8] . Therefore, a role for PTH in regulating NCC activity may be another mechanism by which PTH regulates calcium. A PTH effect on NCC sodium transport would therefore promote calcium reabsorption. Further work is necessary to explore the role of NCC in these effects
The central role of RasGRP1 activation is of particular interest. PTH receptor activation in the DCT has previously been shown to result in the stimulation of PKC and PKA, but neither of these pathways appears to be significantly involved in PTH-mediated affects on NCC [11, 13, 16] . PKC mediates a portion of the PTH-induced ERK1/2 activation, but PKC's activation of ERK1/2 does not appear to be involved in the regulation of NCC. Inhibition of PKA or PKC did not change the PTH effect on NCC while silencing of RasGRP1 expression or inhibition of ERK1/2 prevented any PTH-mediated decreases in NCC activity. In summary, this work demonstrates that PTH acts as a regulator of NCC activity. The effect is dependent upon PLC-mediated DAG release, which goes on to trigger RasGRP1, Ras, MEK, and ERK1/2 activation. A. mDCT cells were grown to confluence and then treated with 100nM PTH or vehicle (DMSO) for the indicated times. Cells were subsequently incubated in uptake medium with 22 Na + and either vehicle or 1 mM metolazone. Radioactive uptake was determined as in materials and methods. Thiazide-sensitive uptake was calculated as the difference in radiotracer uptake between the metolazone-containing and the metolazone-free groups. n=6, * p<0.01. B. mDCT cells grown as above were treated with the indicated concentrations of PTH for 15 minutes. Cells were subsequently incubated in uptake medium with 22 Na + and either vehicle or 1 mM metolazone. Radioactive uptake was determined as in materials and methods. Thiazide-sensitive uptake was calculated as the difference in radiotracer uptake between the metolazone-containing and the metolazone-free groups. n=6, * p<0.01.
Figure 2. Effect of PLC Inhibition on the PTH Effect on NCC Activity
mDCT cells were grown to confluence and then treated with 100nM PTH or vehicle (DMSO, Control) in the presence or absence of a PLC inhibitor, U73122 (PLCi), for 15 minutes. Cells were subsequently incubated in uptake medium with 22 Na + and either vehicle or 1 mM metolazone. Radioactive uptake was determined as in materials and methods. Thiazide-sensitive uptake was calculated as the difference in radiotracer uptake between the metolazone-containing and the metolazone-free groups. n=6, * p<0.01. mDCT cells transfected as above were treated with 100nM PTH or vehicle (DMSO, Control) for 15 minutes. Cells were subsequently incubated in uptake medium with 22 Na + and either vehicle or 1 mM metolazone. Radioactive uptake was determined as in materials and methods. Thiazide-sensitive uptake was calculated as the difference in radiotracer uptake between the metolazone-containing and the metolazone-free groups. n=6, * p<0.01. Inset: mDCT cells were transfected with either non-targeting (NT) or siRNA specific to RasGRP1 (siRG). 48 hours after transfection, cells were lysed and immunoblotted for RasGRP1. Blot shown is representative of 4 experiments. A. mDCT cells were grown to confluence and then treated with 100nM PTH or vehicle (DMSO, Control) in the presence or absence of an MEK1/2 inhibitor, U0126, for 15 minutes. Cells were subsequently incubated in uptake medium with 22 Na + and either vehicle or 1 mM metolazone. Radioactive uptake was determined as in materials and methods. Thiazide-sensitive uptake was calculated as the difference in radiotracer uptake between the metolazone-containing and the metolazone-free groups. n=6, * p<0.01. B. mDCT cells were grown to confluence and then treated with 100nM PTH or vehicle (DMSO, Control) in the presence or absence of either the PKC inhibitors BIM (B, B+T) and Gö6976 (G, G+T), the mDCT cells transfected with siRNA for RasGRP1 (siRG) or non-targeting siRNA (NT) were treated for 15 minutes with 100nM PTH or vehicle (DMSO). Cells were then lysed and a Ras-GTP pulldown using the Raf binding domain was performed, followed by immunoblotting for total Ras or H-Ras (21kD). Shown is a representative immunoblot and densitometry (normalized to total Ras). n=4 *p<0.05 as compared to NT. A. mDCT cells grown as above were treated with 100nM PTH or vehicle (DMSO) for 15 minutes in the presence or absence of a MEK inhibitor (U), PKC inhibitor (B), or PKA inhibitor (H). Cells were then lysed and immunoblotting for phosphorylated or total ERK1/2 was performed. ERK1 appears at 44kD. ERK2 appears at 42kD. n=4, * p<0.05 as compared to control. B. mDCT cells transfected with siRNA for RasGRP1 (siRG) or non-targeting siRNA (NT) were treated for 15 minutes with 100nM PTH or vehicle (DMSO). Cells were then lysed and immunoblotting for phosphorylated or total ERK1/2 was performed. ERK1 appears at 44kD. ERK2 appears at 42kD. n=4, * p<0.05 as compared to NT.
